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The Surface Chemistry and Structure of Colloidal Lead Halide Perovskite 
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Abstract 
Since the initial discovery of colloidal lead halide perovskite nanocrystals, there has been significant 
interest placed on these semiconductors because of their remarkable optoelectronic properties, including 
very high photoluminescence quantum yields, narrow size- and composition-tunable emission over a wide 
color gamut, defect tolerance, and suppressed blinking. These material attributes have made them 
attractive components for next-generation solar cells, light emitting diodes, low-threshold lasers, single 
photon emitters, and X-ray scintillators. While a great deal of research has gone into the various 
applications of colloidal lead halide perovskite nanocrystals, comparatively little work has focused on the 
fundamental surface chemistry of these materials. While the surface chemistry of colloidal 
semiconductor nanocrystals is generally affected by their particle morphology, surface stoichiometry, and 
organic ligands that contribute to the first coordination sphere of their surface atoms, these attributes are 
markedly different in lead halide perovskite nanocrystals because of their ionicity. 
In this Account, emerging work on the surface chemistry of lead halide perovskite nanocrystals is 
highlighted, with a particular focus placed on the most-studied composition of CsPbBr3. We begin with an 
in-depth exploration of the native surface chemistry of as-prepared, 0-D cuboidal CsPbBr3 nanocrystals, 
including an atomistic description of their surface termini, vacancies, and ionic bonding with ligands. We 
then proceed to discuss various post-synthetic surface treatments that have been developed to increase 
the photoluminescence quantum yields and stability of CsPbBr3 nanocrystals, including the use of 
tetraalkylammonium bromides, metal bromides, zwitterions, and phosphonic acids, and how these 
various ligands are known to bind to the nanocrystal surface. To underscore the effect of post-synthetic 
surface treatments on the application of these materials, we focus on lead halide perovskite nanocrystal-
based light emitting diodes, and the positive effect of various surface treatments on external quantum 
efficiencies. We also discuss the current state-of-the-art in the surface chemistry of 1-D nanowires and 
2-D nanoplatelets of CsPbBr3, which are more quantum confined than the corresponding cuboidal 
nanocrystals but also generally possess a higher defect density because of their increased surface area-
to-volume ratios. 
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CONSPECTUS: Since the initial discovery of colloidal lead halide perovskite nanocrystals, there 
has been significant interest placed on these semiconductors because of their remarkable 
optoelectronic properties, including very high photoluminescence quantum yields, narrow size- 
and composition-tunable emission over a wide color gamut, defect tolerance, and suppressed 
blinking. These material attributes have made them attractive components for next-generation 
solar cells, light emitting diodes, low-threshold lasers, single photon emitters, and X-ray 
scintillators. While a great deal of research has gone into the various applications of colloidal lead 
halide perovskite nanocrystals, comparatively little work has focused on the fundamental surface 
chemistry of these materials. While the surface chemistry of colloidal semiconductor nanocrystals 
is generally affected by their particle morphology, surface stoichiometry, and organic ligands that 
contribute to the first coordination sphere of their surface atoms, these attributes are markedly 
different in lead halide perovskite nanocrystals because of their ionicity. 
 In this Account, emerging work on the surface chemistry of lead halide perovskite 
nanocrystals is highlighted, with a particular focus placed on the most-studied composition of 
CsPbBr3. We begin with an in-depth exploration of the native surface chemistry of as-prepared, 
0-D cuboidal CsPbBr3 nanocrystals, including an atomistic description of their surface termini, 
vacancies, and ionic bonding with ligands. We then proceed to discuss various post-synthetic 
surface treatments that have been developed to increase the photoluminescence quantum yields 
and stability of CsPbBr3 nanocrystals, including the use of tetraalkylammonium bromides, metal 
bromides, zwitterions, and phosphonic acids, and how these various ligands are known to bind to 
the nanocrystal surface. To underscore the effect of post-synthetic surface treatments on the 
application of these materials, we focus on lead halide perovskite nanocrystal-based light emitting 
diodes, and the positive effect of various surface treatments on external quantum efficiencies. We 
also discuss the current state-of-the-art in the surface chemistry of 1-D nanowires and 2-D 
nanoplatelets of CsPbBr3, which are more quantum confined than the corresponding cuboidal 
nanocrystals but also generally possess a higher defect density because of their increased surface 
area-to-volume ratios. 
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1. INTRODUCTION 
Perovskites are any material in the same structure type family as the mineral CaTiO3, which was 
discovered in 1839 and named after the Russian mineralogist Lev Perovski.5 Over the past 100 
years, the ABO3 oxide perovskites (A=12-coordinate cation, B=6-coordinate cation), where the 
[BO6] octahedra are linked by corner sharing in three dimensions, have been intensively studied 
because of their multifunctionality.6 The perovskite structure class can be more broadly defined as 
ABX3,
7 where the X anion can also be a chalcogenide (e.g., BaZrS3),
8 a pnictide (e.g., LaWN3),
9 
or a halide (e.g., CsPbX3, X=Cl, Br, I).
10 The ABX3 halide perovskites, while known since the late 
nineteenth century,11 have undergone a renaissance because of the remarkable photovoltaic 
performance of MAPbI3-based thin films (MA=methylammonium). Lead halide perovskite solar 
absorbers have garnered massive attention because of their high power conversion efficiencies 
(PCEs), currently >25%.12 These performance achievements have partly been enabled by post-
deposition treatments for chemical passivation. Treatment with Lewis bases (e.g., pyridine,13 
phosphine oxide14) and alkylammonium halides (e.g., methylammonium iodide,15 ethylammonium 
iodide16) help minimize non-radiative recombination and enhance device performance; however, 
an atomistic understanding of how these passivants coordinate to the surface is often lacking. The 
small surface area-to-volume ratio of large grained polycrystalline halide perovskites obscure these 
efforts. 
 Colloidal lead halide perovskite nanocrystals, on the other hand, have large surface area-
to-volume ratios because of their small size, which increases the importance of their surfaces on 
ensuing optoelectronic properties, making them an ideal platform for studying surface chemistry. 
Approximately 20% of the atoms in a 10 nm CsPbBr3 nanocrystal are within the first surface layer 
of the particle. The surface chemistry of semiconductor nanocrystals is affected by their exposed 
crystal facets,17,18 stoichiometry,19,20 organic ligands,21–23 and ionicity.24–26 Unlike more covalent 
semiconductor nanocrystals (e.g., CdSe, InP), lead halide perovskites are markedly ionic, which 
affects their environmental stability,27 electronic structure and defect tolerance,28 and ligand 
binding and fluxionality.29 These unique characteristics make lead halide perovskite nanocrystals 
a rich area of study, with the all-inorganic CsPbX3 nanocrystals being the most studied because of 
their excellent optoelectronic properties, including size- and composition-dependent band gaps, 
high photoluminescence quantum yields (PLQYs), narrow emission line widths that cover a wide 
color gamut, and suppressed blinking.30,31 These properties make CsPbX3 nanocrystals appealing 
for use in optical devices; for example, solar cells, low threshold lasers, light emitting diodes 
(LEDs), single photon emitters, and X-ray scintillators.32 
In 2014, Galian and Pérez-Prieto reported the first low-temperature synthesis of colloidal 
halide perovskite nanocrystals through a ligand assisted reprecipitation technique, whereby 
MAPbBr3 nanocrystals were prepared through the rapid mixing of cation and bromide precursors 
to induce precipitation of the halide perovskite in the presence of long-chain capping ligands, 
which arrest growth.33 Variants of this method were later applied to the room-temperature 
synthesis of colloidal CsPbX3 nanocrystals.
34 Following this initial work, Kovalenko synthesized 
CsPbX3 nanocrystals by the hot-injection of a Cs(oleate) solution in 1-octadecene into a solution 
of PbX2, oleic acid, and oleylamine at 140-200 ˚C.
35 This synthesis results in morphologically 
well-defined cuboidal nanocrystals ranging in edge length from 4-15 nm and has become the 
prototypical preparation method for 0-D CsPbX3 nanocrystals. The PL emission wavelength can 
be tuned by varying nanocrystal size and composition (Figure 1). 
 
Figure 1. (a) TEM micrograph of 0-D CsPbBr3 nanocrystals. (b) Colloidal suspensions of CsPbX3 
(X=Cl, Br, I) nanocrystals under UV excitation. (c) PL spectra of CsPbX3 (X=Cl, Br, I) nanocrystal 
suspensions. Reproduced with permission from ref. 35. Copyright (2015) American Chemical 
Society. 
 
2. CUBOIDAL 0-D CsPbBr3 NANOCRYSTALS 
Native Surface Chemistry of CsPbBr3 Nanocrystals. Understanding the surface chemistry of halide 
perovskite nanocrystals is crucial to rationally improving and tuning their photophysical 
properties. Prior to discussing structural features of the CsPbBr3 nanocrystal surface, it is necessary 
to understand the bulk structure. Using both Rietveld refinement and pair distribution function 
analyses of X-ray total scattering data, Brutchey and co-workers determined that the crystal 
structure of colloidal 9 nm CsPbBr3 nanocrystals is orthorhombic (Pnma)
1,36 up until a temperature 
of 50 ˚C < T– < 59 ˚C, where a transition to a tetragonal phase (P4/mbm) occurs, followed by a 
higher-temperature transition to the cubic (Pm3̅m) phase at 108 ˚C < T– < 117 ˚C.37 The 0-D 
CsPbBr3 nanocrystals obtained by the Protesescu hot-injection method typically adopt a cuboidal 
morphology, whereby the (001) and (110) facets have been predicted to be terminate the 
nanocrystal surface.28 Given this crystal structure and particle morphology, two types of surfaces 
can occur – a CsBr terminated surface and a PbBr2 terminated surface. In recent experimental 
reports, high-resolution TEM (HR-TEM) images revealed that cuboidal CsPbBr3 nanocrystals 
exhibit (001) and (110) crystal lattice planes that compose the surface facets of these particles.38–
40 
Given the high fraction of atoms that reside at the surface of nanocrystals, measuring the 
particle elemental stoichiometry gives insight into the surface composition.19,20 Ravi et al. applied 
variable energy X-ray photoelectron spectroscopy (XPS) to probe the composition of 10 nm 
CsPbBr3 nanocrystals in a layer-by-layer fashion,
40 and found that the Br:Cs elemental ratio is ∼5 
at the surface of the CsPbBr3 nanocrystals and decreases to the expected ratio of ~3 in the bulk 
which clearly suggests a surface excess of Br. However, if some of the surface Cs-sites were 
occupied by alkylammonium cations a Br:Pb ratio of >3 and a Cs:Pb ratio of ~1 could arise for a 
CsBr termination. Kovalenko and Infante computationally predicted that the Br:Pb ratio should be 
ca. 3.2 for CsBr terminated CsPbBr3 nanocrystals in the size range of 7-11 nm (Figure 2). They 
confirmed this prediction experimentally using inductively coupled plasma-optical emission 
spectroscopy (ICP-OES), demonstrating that 9 nm CsPbBr3 nanocrystals give Br:Pb ratios of 3.2-
3.5.41 Kovalenko and Infante also suggested that PbBr2 termination of the cuboidal CsPbBr3 
nanocrystals is unlikely because it requires a much denser ligand packing, which would encounter 
significant steric hindrance, and disruption of the Pb2+ octahedral coordination. 
 
Figure 2. Size-dependent anion/lead ratio of cuboidal CsPbX3 nanocrystals. The inset shows the 
anion/lead ratio for experimentally observed nanocrystal sizes. Reproduced with permission from 
ref. 41. Copyright (2019) American Chemical Society. 
 
CsBr termination of the CsPbBr3 nanocrystals was confirmed by Rossini and Brutchey 
using solid-state NMR spectroscopy.4 1H detected fast magic angle spinning (MAS) were used to 
enhance the sensitivity of surface-selective 14N, 133Cs and 207Pb NMR experiments.2 Surface-
selective 133Cs solid-state NMR spectra show the presence of an additional 133Cs NMR signal, 
suggesting that Cs ions reside on the surface. 1H-133Cs and 1H-207Pb inter-nuclear distance 
measurements between dodecylammonium −NH3
+ ligand protons and surface and subsurface 133Cs 
and 207Pb spins indicates the particles are CsBr terminated with alkylammonium ligands 
substituted into some surface A-sites (Figure 3). The positioning of alkylammonium ligands in 
surface A-sites is akin to alkylammonium positions in 2-D Ruddlesden−Popper phases42 and 
consistent with the proposed model of Ravi et al.40 A CsX surface termination is also consistent 
with a HAADF-STEM analysis of cuboidal CsPbI3 nanocrystals that showed CsI termination.
43 




Figure 3. Models of the orthorhombic (010) CsPbBr3 surface showing (a) CsBr termination with 
alkylammonium substitution at surface Cs-sites, (b) CsBr termination without alkylammonium 
substitution, and (c) PbBr2 termination. The asterisk indicates the position of an alkylammonium 
H atom. Blue spheres with and without a purple halo correspond to subsurface and surface Cs 
atoms, respectively. Experimental ΔS/S0 intensities were plotted as a function of total recoupling 
time for CsPbBr3 nanocrystals. Blue points correspond to 
1H{133Cs} RESPDOR and orange points 
correspond to 1H{207Pb} S-REDOR experiments. Simulated dephasing curves are depicted with 
blue and orange lines. Reproduced with permission from ref. 4. Copyright (2020) American 
Chemical Society. 
 
The native ligands on CsPbBr3 nanocrystal surfaces consist of long-chain primary 
alkylammonium ligands (oleylammonium) and long-chain carboxylate ligands (oleate). 
Considering a pseudo-cubic lattice parameter (0.587 nm), a theoretical monolayer value of 5.8 
ligands nm–2 was previously calculated for CsPbBr3 assuming that the surface is solely passivated 
by inorganic CsBr atoms.29 However, for long-chain organic ligands with 0.3−0.5 nm2 ligand−1 
footprints,3,45 the maximum allowable ligand density is on the order of 2−3 ligands nm−2.4 Indeed, 
most measured values of native ligand densities of CsPbBr3 nanocrystals fall within this range.
3,4,29 
The native ligands affect particle morphology,38 stability,46 and solution dispersibility, and 
also passivate electronic trap states. However, the native surface ligands are labile, even in 
nonpolar solvents, which contributes to the poor stability of CsPbX3 nanocrystals.
29 The dynamic 
equilibrium of ligand binding to CsPbBr3 nanocrystals was quantified using solution 
1H NMR 
spectroscopy by Brutchey et al.3 The native oleylammonium and oleate ligands dynamically 
exchange with free alkylamines and carboxylic acids in solution. The exchange of native oleate 
with 10-undecenoic acid is exergonic, with positive H and positive S, and this exchange is 
favorable at room temperature or higher. The exchange of native oleylammonium with 10-
undeceneamine is also exergonic at room temperature, but with a negative H and negative S, 
suggesting this exchange will become less favorable with elevated temperatures. Giansante and 
co-workers explored a library of amine ligands with variable pKb, steric hindrance, and chain 
length with the goal of achieving thermodynamically stable surface coordination and effective 
passivation by exchange of native amine ligands on CsPbBr3 nanocrystals.
47 For oleylammonium-
capped CsPbBr3 nanocrystals, the stoichiometric addition of short (C4-C8), strongly basic primary 
alkylamines results in binding to the nanocrystal surface after proton transfer from free 
oleylammonium in solution to improve colloidal stability and give near-unity PLQYs. 
 
Post-Synthetic Surface Treatments. Didodecyldimethylammonium bromide (DDAB), a quaternary 
ammonium salt, has been shown to be a very effective passivating ligand for CsPbBr3 nanocrystals. 
Further, the charge of DDAB is pH independent. Manna et al. demonstrated that the post-synthetic 
addition of DDAB to CsPbBr3 nanocrystals with native Cs-oleate ligands results in superior 
colloidal stability and near-unity PLQYs (Figure 4).48 They hypothesize that these beneficial 
effects result from weaker ligand-solvent interactions for DDAB over Cs-oleate, which drives the 
quaternary ammonium salt to the nanocrystal surface. Manna and Krahne followed this initial work 
with a temperature-dependent PL study comparing CsPbBr3 nanocrystals treated with DDAB 
versus nanocrystals with Cs-oleate or oleylammonium oleate on their surface.49 The photophysics 
of the DDAB-treated sample was found to behave differently; the time-resolved PL spectra 
maintained monoexponential decay down to low temperatures and the PL spectrum at 4 K 
possessed significantly less low-energy tailing. The authors hypothesized that DDAB-treated 
CsPbBr3 nanocrystals have a lower trap state density resulting from more efficient surface 
passivation. 
 
Figure 4. (a) Absorbance and PL spectra of Cs-oleate (red) and DDAB (green) capped CsPbBr3 
nanocrystals. (b) Evolution of PLQY for the two types of CsPbBr3 nanocrystals. (c) Model of 
tetramethylammonium bromide sitting in the A-site of CsPbBr3. Reproduced with permission from 
ref. 48. Copyright (2019) American Chemical Society. 
 
Kovalenko and Infante showed that post-synthetic ligand treatment of CsPbBr3 
nanocrystals with DDAB and PbBr2 significantly increases the PLQY from 60-70% (for the as-
prepared nanocrystals with oleic acid and oleylamine) to 90-100% post-treatment.41 The authors 
performed both DDAB and PbBr2 and DDAB-only ligand treatments and found that the 
combination of both DDAB and PbBr2 resulted in a 10-20% higher PLQY and prolonged colloidal 
stability. The authors rationalized the improved PLQY and colloidal stability to result from the 
combination of PbBr2 for “healing” of the (PbBr2) nanocrystal surface layer, presumably through 
passivation of bromine vacancies (VBr), and superior steric stabilization by DDAB. Despite the 
positive effects of DDAB treatments on PLQY and colloidal stability, there are still outstanding 
issues. Manna and Krahne noted that the PL intensity of DDAB-treated CsPbBr3 nanocrystals 
decreases with increasing temperature from 250 K to room temperature, suggesting that more 
thermally robust ligand passivation is needed for device applications working above room 
temperature.49 Additionally, Giansante et al. reported spectrophotometric data that suggest 
nanocrystal restructuring upon the addition of substoichiometric amounts of DDAB.47 An 
atomistic understanding of this restructuring based on empirical evidence is currently missing. 
Zwitterionic ligands have become an interesting and effective strategy for stabilization and 
surface passivation. Zwitterions have two advantages over traditional oleylammonium oleate 
ligands: (i) zwitterions contain both cationic and anionic groups and there is no chance of 
neutralization by Brønsted acid-base equilibria, and (ii) ligand binding is stabilized by the chelate 
effect.50,51 Kovalenko et al. explored commercially available zwitterions (i.e., sulfobetaines, 
phosphocholines, γ-amino acids) for passivation of CsPbBr3 nanocrystals (Figure 5). They found 
that sulfobetaine-capped CsPbBr3 nanocrystals formed more concentrated suspensions (50-100 mg 
mL–1), remained more colloidally stable upon several washing cycles with polar nonsolvents, and 
retained higher PLQYs for extended periods, as compared to standard oleate- and oleylammonium-
capped CsPbBr3 (Figure 5c). DFT calculations were used to study sulfobetaine binding to a 
CsPbBr3 nanocrystal surface and compare against oleylammonium bromide and oleylammonium 
oleate binding. The anionic sulfonate group of sulfobetaine binds to sub-surface Pb (similar to 
bromide and oleate), while the cationic quaternary ammonium group of sulfobetaine occupies 
surface A-site vacancies (similar to oleylammonium). The quaternary ammonium group of 
sulfobetaine is still well accommodated into the A-site, despite its steric bulk. The binding energies 
for the traditional ligand ion pairs and the sulfobetaine zwitterion were comparable (40-45 kcal 
mol-1), suggesting that the improved properties are a result of the chelate effect. 
 
Figure 5. (a) Graphical depiction of as-prepared CsPbBr3 nanocrystals capped with traditional 
long-chain ligands (oleate or bromide and oleylammonium), and (b) with zwitterions containing 
both cationic and anionic groups in one molecule. (c) PLQY of CsPbBr3 nanocrystals terminated 
with 3-(N,N-dimethyloctadecylammonio)propanesulfonate (green) and oleylammonium oleate 
(black) ligands after a two-step of purification on day 1 and after day 28. Reproduced with 
permission from ref. 50. Copyright (2018) American Chemical Society. 
 
Kovalenko et al. further examined the utility of soy lecithin, a natural phospholipid, which 
contains a physical mixture of zwitterions with various combinations of both saturated and 
unsaturated hydrocarbon chains. Soy lecithin binds to the nanocrystal surface through both 
quaternary ammonium and dialkylphosphate functionalities resulting in tighter ligand binding and 
superior colloidal stability as compared to standard oleylammonium oleate ligands, allowing for a 
wide range of colloid concentrations ranging from ultradilute (ng/mL) to ultraconcentrated 
conditions (>400 mg/mL).52 The authors rationalized the high colloidal stability of the lecithin-
stabilized CsPbBr3 nanocrystals using the Alexander-De Gennes model of polymeric interactions, 
which attributes the increased colloidal stability to increased particle-particle repulsion resulting 
from the tight ligand binding, high grafting density (1.8 nm–2), and ligand chain polydispersity.53–
55 The resulting lecithin-stabilized CsPbBr3 nanocrystals demonstrated high PLQYs, equal to or 
better than the aforementioned first-generation zwitterions. 
Oleic acid has been replaced with other long-chain Brønsted acids, such as alkylphosphonic 
acids, to stabilize CsPbX3 nanocrystals. Alkylphosphonates bind tightly to CsPbBr3 nanocrystals, 
allowing for excellent surface passivation, improved PLQYs, and superior colloidal stability.56,57 
Undercoordinated surface lead atoms are a cause of surface trap states for CsPbX3 nanocrystals 
and due to the relatively soft Lewis acid character of lead, a complementary soft Lewis base, such 
as a phosphonate, is highly effective for surface passivation.58 Alivisatos and co-workers found 
addition of hexylphosphonic acid improved the PLQY from 76% (with a native ligand shell of 
oleylammonium oleate) to 98% (with a ligand shell of oleylammonium hexylphosphonate) for 
CsPbBr3 nanocrystals.
58 In a separate study, Brutchey et al. used solution 1H NMR spectroscopy 
to show that an alkenylphosphonic acid (10-undecylphosphonic acid) irreversibly binds and 
displaces oleic acid from the CsPbBr3 nanocrystal surface, quantitatively confirming the tighter 
binding of softer phosphonate ligands over oleate ligands (Figure 6a).3 
Rossini and Brutchey further explored the binding of this same alkenylphosphonate ligand 
on CsPbBr3 nanocrystals using solid-state NMR spectroscopy.
4 A 2D 1H31P CP-HETCOR 
spectrum revealed a narrow 31P NMR signal at 26 ppm coincident with a broader signal that 
extends to 20 ppm; these 31P NMR peaks correlate with 1H NMR peaks at 9.5 and 11 ppm that 
correspond to acid protons (Figure 6b). These data suggest two chemically distinct binding sites 
on the CsPbBr3 nanocrystals for singly deprotonated phosphonate ligands. The broader 
31P signal 
correlates with a 1H NMR signal at 7.5 ppm assigned to alkylammonium –NH3
+ protons, 
suggesting some degree of ion pairing between the alkenylphosphonate and alkylammonium 
ligands. These results agree with a study by Mathews and co-workers that reported a primary 31P 
peak at 25 ppm for octylphosphonate-capped CsPbBr3 nanocrystals.
59 Based on 31P chemical shifts 
and HETCOR experiments they assigned this peak to singly deprotonated, monoanionic 
octylphosphonate that self-assemble into a hydrogen bonded interligand network, which is 
surmised to contribute to the strong binding of alkylphosphonates. As predicted by Alivisatos and 
co-workers, soft Lewis base sulfonate ligands also stabilize CsPbBr3 nanocrystals and passivate 
surface traps.58 Zeng et al. reported that benzenesulfonate ligands result in CsPbBr3 nanocrystals 
with high PLQYs (>90%) that maintain structural and optoelectronic stability through eight 
purification cycles and storage >5 months.60 
 
Figure 6. (a) Solution 1H NMR spectra of a CsPbBr3 nanocrystal suspension with oleic acid (OAc) 
and dodecylamine native ligands, titrated with 10‐undecenylphosphonic acid (UPAc) (from 0–1.9 
μM), showing free (F) and bound (B) ligands. Reproduced with permission from ref. 3. Copyright 
(2018) Wiley, (b) 2D dipolar 1H→31P CP HETCOR of CsPbBr3 nanocrystals terminated with 
UPAc. Reproduced with permission from ref. 4. Copyright (2020) American Chemical Society. 
 
Applications of Ligand Exchanged Nanocrystals. While the insulating native ligands are needed 
for nanocrystal synthesis, colloidal stability, and processing, it is well known that long-chain 
ligands impede performance in solid-state devices.61–63 For LEDs, native ligands are needed to 
passivate surface trap states to improve external quantum efficiencies (EQEs), but simultaneously 
insulate the nanocrystals from charge injection. Ligand exchange strategies, such as those 
discussed above, have been employed to facilitate exciton management in halide lead perovskite 
nanocrystal LEDs, with the goal of passivating surface trap states, reducing the alkyl chain lengths, 
and reducing ligand density on the nanocrystal surface (e.g., going from primary to quaternary 
alkylammonium ligands). In 2016, Bakr and Sargent reported an EQE of 3% for green LEDs based 
on an indium tin oxide (ITO)/poly(ethylenedioxythiophene):polystyrene sulfonate 
(PEDOT:PSS)/poly(9-vinylcarbazole) (PVK)/CsPbBr3 nanocrystal/2,2’,2’’-(1,3,5-benzenetriyl) 
tris-[1-phenyl-1H-benzimidazole] (TPBi)/LiF/Al device architecture, where the nanocrystals were 
treated with DDAB (Figure 7).64 This was a significant improvement over previous CsPbBr3 
nanocrystal-based green LEDs that had EQEs of only 0.2% with the insulating native ligands.65 
Sargent et al. followed this initial work with a two-step ligand treatment that further reduced the 
organic content on the CsPbBr3 nanocrystal surface.
66 Therein, the as-prepared CsPbBr3 
nanocrystals were initially treated with isopropylammonium bromide, passivating VBr and 
significantly reducing the alkylammonium cation size. The colloidal suspension of CsPbBr3 
nanocrystals were then treated with NaBr to exchange the isopropylammonium cations with Na+; 
the authors report the PLQY of the nanocrystal suspension remained unchanged over 6 months, 
with the resulting electrostatic stabilization enabled by dimethylformamide, a polar aprotic solvent. 
Compared to a DDAB surface treatment, the two-step ligand treatment of isopropylammonium 
bromide followed by NaBr gave 20% higher PLQYs for 7 nm CsPbBr3 nanocrystals, resulting in 
an EQE of 22% for green LEDs based on an ITO/PEDOT:PSS/poly[bis-(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA)/CsPbBr3 nanocrystal/TPBi/LiF/Al device architecture. 
 Lead halide perovskite nanocrystals have also been used as absorber layers in nanocrystal-
based solar cells, with the greatest focus being placed on CsPbI3 nanocrystals because of their 
narrower band gaps. Again, the CsPbI3 nanocrystal native ligands must be removed to facilitate 
charge transport in the nanocrystal thin film array. Wheeler and Luther reported PCEs approaching 
12% for CsPbI3 nanocrystal-based solar cells facilitated by the exchange of the long-chain 
oleylammonium oleate native ligands with formamidinium acetate.67 More recently, Yuan and Ma 
obtained devices with PCEs approaching 15%,68 by ligand using a secondary amine (di-n-
propylamine) to reduce the length of the insulating ligand barrier and the overall ligand density.  
 
Figure 7. (a) Schematic of perovskite nanocrystal LED device. (b) Current efficiency and EQE 
versus driving voltage. (c) Electroluminescence spectrum at an applied voltage of 4.5 V (inset: 
photograph of the device under applied voltage). Reproduced with permission from ref. 64. 
Copyright (2016) Wiley. 
 
3. 1-D CsPbBr3 NANOWIRES 
In 2015, Yang and co-workers reported the solution-phase synthesis of CsPbX3 nanowires 
prepared by the hot-injection of Cs(oleate) into a solution of PbX2, oleic acid, and oleylamine in 
1-octadecene at 150−250 ˚C.69 By quenching the reaction at a later stage (40–60 min), they 
obtained 1-D nanowires with uniform diameters between 10-20 nm and lengths up to 5 μm. 
Subsequently, Manna and co-workers modified the CsPbBr3 nanowire synthesis by introducing 
short-chain carboxylic acid ligands to obtain wires with diameters between 3.4-20 nm.70 Wires 
with diameters <10 nm exhibited quantum confinement effects, resulting in a blue shift of 
absorption and emission maxima. In parallel, the Yang and Alivisatos groups prepared ultra-thin 
2.2 nm diameter CsPbBr3 nanowires by using anti-solvent purification strategies to post-
synthetically separate nanowires from nanocubes.71 Small-angle X-ray scattering (SAXS) revealed 
periodic packing of the ultra-thin nanowires, confirming the narrow size distribution of the 
nanowire diameter, and suggesting deep interpenetration of the ligands. The PLQY of the resulting 
nanowires was ca. 30%, likely because the 1-D nature of the ultra-thin nanowires results in a high 
surface area-to-volume ratio. Surface treatment with PbBr2 improved the PLQY in addition to the 
morphological stability of the nanowires, similar to results for cuboidal CsPbBr3 nanocrystals. 
Alternative synthetic approaches have also been developed. Bakr and co-workers reported 
that visible-light illumination converted 7 nm cuboidal CsPbBr3 nanocrystals into nanowires with 
diameters >50 nm.72 Visible-light was proposed to cause photo-induced dissociation of the weakly 
bound oleylammonium/oleate ligands, resulting in nanocube coalescence. The stability of different 
surface terminations was hypothesized to cause the anisotropic growth along the [110] direction 
of the orthorhombic structure (Figure 8). 
 
Figure 8. (a–d) Shape evolution of 1-D CsPbBr3 nanowires under illumination for variable times. 
(e) HRTEM images showing CsPbBr3  nanocrystals (5 h of illumination) coalescing along the 
[110]o crystallographic direction. (f) HAADF-STEM image of nanorods acquired along the 
[ 11̅0 ]o zone axis, showing an interface between two nanorods that are attached through 
(001)o surfaces. (g) Magnification of the selected area in (f). (h) Illustration of light driven 
conversion of CsPbBr3 nanocrystals. (i) Schematic diagram of half-unit cell fusion process on the 
CsBr- and PbBr2-terminated (001)o surfaces. Reproduced with permission from ref. 72. Copyright 
(2019) American Chemical Society. 
 
4. 2-D CsPbBr3 NANOPLATELETS 
While most 0-D CsPbBr3 nanocrystals exhibit bulk-like or weakly confined behavior, very strong 
quantum confinement can be achieved in 2-D nanoplatelets. In nanoplatelets, the single monolayer 
(ML) control of thickness can be used to increase the optical band gap, with blue band-edge 
emission from CsPbBr3 nanoplatelets as compared to green emission from 0-D CsPbBr3 
nanocrystals.73 Correspondingly, halide perovskite nanoplatelets possess much larger exciton 
binding energies (i.e., 120-280 meV as compared to 40 meV for 10 nm cuboidal particles) and 
reduced dielectric screening;74–77 these characteristics make halide perovskite nanoplatelets of 
interest for LEDs.78–80 
 CsPbBr3 nanoplatelets can be synthesized by hot-injection,
81,82 ligand assisted 
reprecipitation,75 and thermal methods.83 Control over nanoplatelet thickness can be achieved by 
tuning various synthetic parameters, such as precursor and ligand ratios,73,75,84 reaction 
temperature,82 and ligand chain length.38,85,86 While the orthorhombic crystal structure, CsBr 
surface termination, and alkylammonium carboxylate ligand shell are the same as 0-D cuboidal 
nanocrystals,81 the increased surface area-to-volume ratio and surface defect density of the 
nanoplatelet morphology result in significantly lower PLQYs.73 As a result, post-synthetic surface 
treatments have been explored to repair surface traps and increase PLQY (Figure 9).75 The 
fluxional ligand shell also makes CsPbBr3 nanoplatelets prone to aggregation and growth into 
larger sheet- and bulk-like structures through temperature- and light-induced processes.87,88 
 
 
Figure 9. (a) PL spectra of CsPbBr3 nanoplatelet colloidal dispersions before (dashed lines) and 
after (solid lines) surface-treatment. (b) Scheme for the repair of surface defects initiated by a 
post-synthetic treatment with PbBr2. (c) PL enhancement factor as a function of the surface-to-
volume ratio. (d) Time resolved-PL spectra of 3 ML thick nanoplatelets before (open black 
squares) and after treatment (full blue squares). Reproduced with permission from ref. 75. 
Copyright (2018) American Chemical Society. 
 
 Urban and Feldmann showed that the PLQY of CsPbBr3 nanoplatelets can be significantly 
improved by a post-synthetic treatment with PbBr2 in combination with oleic acid and 
oleylamine.75 The as-prepared CsPbBr3 nanoplatelets with a 2-ML thickness exhibited a PLQY of 
only 7%. After treatment with the PbBr2-ligand solution, the PLQY increased 7-fold; this effect 
was not observed when only oleic acid and oleylamine were added. The PbBr2 treatment is 
hypothesized to fill VPb and VBr on the nanoplatelet surfaces (Figure 9b), resulting in enhanced 
PLQY and lifetimes (Figures 9c,d). Rabouw and van der Stam performed an in-depth study of the 
photophysics of the CsPbBr3 nanoplatelets before and after treatment with the PbBr2-ligand 
solution.89 Their findings revealed the presence of a dark fraction of completely nonfluorescent 
nanoplatelets whereby photogenerated excitons are quenched by ultrafast nonradiative 
recombination that outcompete thermalization to the band edge. Importantly, they found that this 
fraction of dark CsPbBr3 nanoplatelets is unaffected by the PbBr2-ligand treatment. In turn, the 
PbBr2-ligand treatment enhances prompt emission by suppressing carrier trapping at the lowest 
energy exciton state and decreases the contribution of delayed emission from trapping-detrapping 
events to the overall nanoplatelet emission. Since nonradiative recombination and trapping-
detrapping are both affected by ligand-treatment with PbBr2, the authors hypothesized that similar 
defects are responsible for these two processes. These defects may result from undercoordinated 
lead atoms that cause shallow trap states close in energy to the band edges and whose density 
decreases with the addition of a bromide source. In order for CsPbBr3 nanoplatelets to reach near-
unity PLQYs, however, chemical treatments that address the significant dark fraction of 
nanoplatelets still must be developed. 
 
 
Figure 10. (a) DFT calculated structure of a CsPbBr3 nanoplatelet coordinated by oleylammonium 
(OLA) and hexylphosphonate (HPA) ligands. Cs, Pb, and Br atoms are denoted by pink, blue, and 
brown spheres, respectively. (b) Total electron density (denoted as yellow isosurfaces) of the 
nanoplatelets passivated with methylamine and methylphosphonate ligands. (c) 1H–31P CP MAS 
NMR spectra of HPA-capped CsPbBr3 nanoplatelets, neat HPA, cesium hexylphoshonate 
(CsHPA), and oleylammonium hexylphosphonate (OLAHPA). (d) 133Cs MAS NMR spectra of 
HPA-capped CsPbBr3 nanoplatelets, microcrystalline CsPbBr3 (μ-CsPbBr3), and CsHPA. 
Reproduced with permission from ref. 90. Copyright (2020) American Chemical Society. 
 
 Stranks and co-workers reported the addition of hexylphosphonic acid to 4-ML thick 
CsPbBr3 nanoplatelets synthesized with oleic acid and oleylamine. The PLQY of the CsPbBr3 
nanoplatelets increased from ~25% to ~40% upon addition of hexylphosphonic acid during 
synthesis. DFT calculations predicted strong binding of a model alkylphosphonate ligand 
(methylphosphonate) on the {100} facet of a CsBr-terminated CsPbBr3 nanoplatelet (Figure 
10a,b). The 1H-31P CP MAS solid-state NMR spectrum of the hexylphosphonate-ligated CsPbBr3 
nanoplatelets gave a complex mixture of four resonances (31.6, 29.8, 25.7, and 24.9 ppm) that 
were assigned to different binding sites on the nanoplatelet surface (Figure 10c). These sites differ 
from those observed for cuboidal CsPbBr3 nanocrystals (vide supra). The 
133Cs MAS NMR 
spectrum of the hexylphosphonate-ligated CsPbBr3 nanoplatelets gave a broad set of resonances 
spanning from 60-100 ppm (Figure 10d). The major resonance at ca. 100 ppm is consistent with 
a “bulk-like” cesium environment of microcrystals and cuboidal nanocrystals of CsPbBr3.
4,91,92 
The nanoplatelets possess a second major peak at ca. 75 ppm, well upfield of the reported chemical 
shift of 170 ppm for surface Cs in 10‐undecenylphosphonic- and oleic acid-capped cuboidal 
CsPbBr3 nanocrystals. Further solid-state NMR experiments are required to conclusively assign 
the 133Cs signals to different Cs environments in the cuboids and nanoplatelets and explain the 
large differences in 133Cs chemical shifts. 
 
5. CONCLUSIONS AND OUTLOOK 
 In this Account, we reviewed the current state-of-the-art with respect to knowledge about 
the surface chemistry of the most studied lead halide perovskite nanocrystal composition of 
CsPbBr3. We focused on the foundational work that has been done to better understand the native 
surface chemistry of CsPbBr3 nanocrystals and post-synthetic surface treatments used to minimize 
their surface trap-state density and improve PLQY. While much of the surface chemistry specific 
to CsPbBr3 nanocrystals should be generally applicable to the whole family of lead halide 
perovskite nanocrystals with other A-site cations, such as MA and formamidinium, the surface 
chemistry of these compositional derivates is under studied. 
The surface chemistry of lead halide perovskite nanocrystals is unique due to their highly 
ionic structure, which causes chemical instability and somewhat limits surface passivation options; 
however, the work described above leverages what is known about the surface structure of these 
nanocrystals to improve passivation with tighter binding ligands and/or heal surface defects. 
Despite the success of the post-synthetic treatments, a clear experimental understanding of the 
mechanisms of ligand binding, surface reconstruction, and trap-state healing remain unexplored. 
It will be critical to develop a detailed experimental understanding of how the surface chemistry 
of these nanocrystals change after treatment with ligands. With a greater understanding of the 
ensuing surface structure upon post-synthetic ligand treatments, next-generation ligand design 
may enable further improvements in the properties of these nanocrystals. For example, it remains 
to be seen whether the permanently dark fraction of CsPbBr3 nanocrystals may be addressed by 
judicious choice of surface treatment. Post-synthetic surface treatments that facilitate improved 
exciton management in lead halide perovskite nanocrystals and improve their stability will be 
critical for the commercial adoption of these materials. Upon moving from nanocrystals to 
microcrystals, it is possible that different types of surfaces and defects may be encountered. 
However, the knowledge gained from the study of nanocrystal surface chemistry should provide a 
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